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The virus-induced RNA polymerase from Autographa californica nuclear polyhedrosis virus-infected Spodoptera frugiperda
cells was separated from the three host nuclear RNA polymerases by DEAE–Sephadex chromatography and then purified
through two more steps: heparin–agarose chromatography and glycerol gradient ultracentrifugation. Fractions from each
of these purification steps have been assayed in vitro for the ability to perform accurate initiation of transcription on a late
(p6.9) and a very late (polyhedrin) template using primer extension analysis. In each case, the ability to accurately initiate
transcription of these genes coincided with the virus-induced polymerase activity. Only after the glycerol gradient ultracentrif-
ugation step did significant amounts of nonspecific late initiation occur, but specific late initiation was still readily detectable,
suggesting that there is a limited number of late transcription factors, or that the factors are stably bound in a complex.
After the glycerol gradient ultracentrifugation step, SDS –PAGE showed fewer than 10 prominent polypeptides remaining
in the active fractions, which suggests a high degree of purity of the transcription machinery. q 1996 Academic Press, Inc.
INTRODUCTION amanitin, suggesting that it is catalyzed by an enzyme
other than host RNA polymerase II. Fuchs et al. (1983)
The Autographa californica nuclear polyhedrosis virus and Huh and Weaver (1990) demonstrated that the early
(AcMNPV) is a member of the baculovirus family. Most transcripts (up to about 6 hr p.i.) are sensitive to a-amani-
members of this family are pathogenic for lepidopteran tin; after this point, however, a-amanitin sensitivity de-
larvae and replicate in the nuclei of susceptible cells. creased until about 16 hr p.i., at which point viral tran-
The baculoviruses are genetically complex, with scription is virtually resistant to a-amanitin. Therefore,
AcMNPV, the best-characterized baculovirus, having a early viral transcripts appear to be made by the host
circular, supercoiled genome with 134 kb of DNA (Ayres polymerase II, while late and very late transcription de-
et al., 1994). Their replication cycle is characterized by pends upon another enzyme.
two phases of virion production. During the late phase Fuchs et al. (1983) and Yang et al. (1991) identified a
of replication, virions bud from the plasma membrane of candidate for the enzyme responsible for late transcrip-
the infected cell and spread the infection from cell to cell tion: a new chromatographic peak of a-amanitin-resis-
within infected insects or cell cultures. Subsequently, tant RNA polymerase extracted from infected cells, but
during the very late phase of infection, virions in the not control cells. Under the purification conditions used
nucleus are occluded within polyhedral inclusion bodies by Yang et al. (1991), this enzyme eluted from DEAE–
(PIBs), which are crystalline structures composed primar- Sephadex at a lower ionic strength than any of the host
ily of a 26- to 31-kDa viral protein called polyhedrin (Van nuclear polymerases. Partial subunit structure analysis
der Beek et al., 1980). PIBs are responsible for spreading of the enzyme indicated a complex structure with many
the infection among insects. subunits, and the enzyme’s sedimentation coefficient of
RNA polymerases appear to play a key role in the 15S was in accord with this conclusion (Yang et al., 1991).
switch from early to late transcription during the baculovi- Few if any of the putative subunits of the virus-induced
rus infection cycle. Grula et al. (1981) showed that a polymerase have the same molecular masses as the
majority of the viral transcription in nuclei isolated from subunits of the three host nuclear polymerases (Yang et
late-phase-infected insects or cells is resistant to a- al., 1991). This suggests that the enzyme is not a simple
modification of one of the host enzymes, but may be
mostly or all virus-encoded. In addition, 18 baculovirus1 Current address: Department of Entomology, Texas A&M University,
genes have recently been identified that have a role inCollege Station, TX 77843-2475.
replication and/or late gene expression (Todd et al., 1995;2 These authors made equal contributions to this work.
3 To whom reprint requests should be addressed. Lu and Miller, 1995). Two of these genes, lef-8 and lef-
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9, have conserved RNA polymerase motifs found within were washed once with 10 packed cell volumes (PCV)
of phosphate-buffered saline (25 mM phosphate/150 mMthe two largest subunits of prokaryotic and eukaryotic
RNA polymerases (Passarelli et al., 1994; Lu and Miller, NaCl) and centrifuged as before. The cells were resus-
pended in 3 PCV of buffer A (10 mM HEPES, pH 7.9; 1.51994).
Glocker et al. (1993) developed a system for detecting mM MgCl2 ; 10 mM KCl; 1 mM DTT; 0.5 mM phenylmethyl-
sulfonyl fluoride [PMSF]) and left on ice for 10 min. Theaccurate initiation of transcription of late and very late
baculovirus genes in vitro. This has made it possible to swollen cells were then lysed with 10 strokes of a
Dounce homogenizer with a B pestle. The nuclei werefractionate cell-free extracts from late-infected cells and
to assay them for accurate transcription initiation. Re- isolated by centrifugation at 13,000 g (10,000 r.p.m.) for
2.5 min in a Beckman Ti70 rotor. The nuclei were resus-cently, Xu et al. (1995) described a phosphocellulose
chromatographic separation of baculovirus RNA poly- pended in one-half packed nuclear volume (PNV) of
buffer B (10 mM HEPES, pH 7.9; 25% [v/v] ultra-puremerase complexes that preferentially support either late
or very late transcription. Here we report that the ability glycerol [Gibco-BRL]; 1.5 mM MgCl2 ; 0.2 mM EDTA; 1
mM DTT; 0.5 mM PMSF; 1.2 M KCl), giving a final KClto transcribe a late and a very late gene accurately in
vitro follows the virus-induced polymerase activity concentration of 400 mM, and left on ice with gentle
agitation for 30 min in order to extract the nuclear pro-through three purification steps. Such late and very late
transcription ability is not associated with any of the host teins. The extracted nuclei were then removed by centrif-
ugation at 13,000 g for 25 min, and the translucent super-nuclear polymerases.
natant was dialyzed for 3 hr against buffer C (50 mM
Tris, pH 8.0; 35% [v/v] ultra-pure glycerol; 0.1 mM EDTA;MATERIALS AND METHODS
1 mM DTT; 0.5 mM PMSF) using dialysis tubing with a
Cells and virus 6000–8000 MW cut-off. The dialysate was centrifuged at
13,000 g for 5 min in order to remove the insoluble mate-Viral infection of Sf21 cells. S. frugiperda cells (IPBL-
rial, aliquoted, and stored at 0807. These aliquots wereSF21) were grown at 26–287 in a 500-ml spinner flask
transcriptionally stable for at least 6 months under these(Belco) containing TC-100 media (GIBCO-BRL) supple-
storage conditions. A typical yield of nuclear extract frommented with 10% fetal bovine serum (GIBCO-BRL), 2.6 g/
500 ml of spinner cell culture (PCV of 6 ml) was 6–8 ml,liter of tryptose broth (O’Reilly et al., 1990), 0.3 g/liter of
with a protein concentration of 10–15 mg/ml as deter-glutamine, and 0.5 g/liter of glucose (Reuveny, et al.,
mined by the BCA (bicinchoninic acid) Protein Assay Re-1993). The spinner was maintained at 200 r.p.m. and
agent (Pierce). Nuclear extracts for control lanes weresparged with oxygen gas through a 1-mm diameter ori-
produced using the method of Glocker et al. (1993).fice at a flow rate of 10– 15 cm3/min/500 ml of media in
order to obtain a higher cell density. Cells were grown
Nuclear extract fractionationto a density of 0.8–1.21 107 cells/ml, collected by centrif-
ugation at 1000 g for 10 min, and infected at a multiplicity
All steps were carried out at 47. Nuclear extracts wereof infection (m.o.i.) of 1 for 15 min using a stock virus
applied to a DEAE–Sephadex A-25 column (Pharmacia,(AcMNPV L-1) of 1–2 1 108 plaque-forming units (p.f.u.)/
1.5 mg protein/ml resin) and equilibrated with buffer Cml. Fresh medium was then added to a cell density of
containing 5 mM ammonium sulfate. The column was1.6–2.4 1 107 cells/ml. Oxygen gas was sparged as be-
then washed with 3 column volumes of the same bufferfore. Cells were harvested between 24 and 30 hr postin-
in order to remove unbound protein. Protein was elutedfection (p.i.), when the nucleation of polyhedral inclusion
with a linear gradient of 5 to 500 mM ammonium sulfatebodies became visible. Ninety-five percent or more of
in buffer C (6 column volumes total). Fractions containingthe cells appeared to be infected synchronously under
virus-induced RNA polymerase were identified by a non-these conditions. Infection proceeded relatively slowly
specific polymerase assay (Grula and Weaver, 1981), us-but all the morphological features of infection were nor-
ing calf thymus DNA as the template, and the activemal in these cells. At the time of harvesting, nearly 100%
fractions were pooled. The virus-induced RNA polymer-of the cells were viable as judged by Trypan blue exclu-
ase typically eluted in the fractions containing 60–100sion (Summers and Smith, 1987). Typically, 4 to 6 ml of
mM ammonium sulfate. The ammonium sulfate concen-infected cells were obtained from 500 ml of medium.
tration of the pooled fractions was adjusted to 50 mM
with buffer C, and the pool was applied to a heparin –Preparation of nuclear extracts
agarose ALD column (Gibco-BRL, 2–3 mg of protein/ml
resin). Weakly bound proteins were removed by washingNuclear extracts were prepared by the method of Dig-
nam et al. (1983) with a few modifications. All steps were with 10 column volumes of buffer D (50 mM Tris, pH 8.0;
35% [v/v] ultra-pure glycerol; 0.1 mM EDTA; 1 mM DTT;carried out at 47. AcMNPV-infected Sf21 cells were har-
vested by centrifugation at 1500 g (3000 r.p.m.) for 5 min 0.5 mM PMSF; 0.2% Triton X-100) containing 200 mM
ammonium sulfate (Muszynska et al., 1985). These frac-in a Beckman JS-7.5 (swinging bucket) rotor. The cells
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tions were pooled and dialyzed against buffer C for 6 hr. CTATGAC-3* ) for the p6.9 promoter, pUC/M13 -20 For-
ward primer (5*-GTAAAACGACGGCCAGT-3* ) for the 39KStrongly bound protein, including the virus-induced RNA
polymerase, was eluted with 10 column volumes of buffer promoter, and a G-less primer (5*-CCTCCATCTATACCA-
CCC-3* ) for the polyhedrin promoter. DNA sequencingD containing 600 mM ammonium sulfate. The fractions
were assayed for nonspecific RNA polymerase activity. reactions using the same primer and DNA template, run
in parallel lanes, provided makers. After electrophoresis,The virus-induced polymerase typically eluted in the frac-
tions containing 380–420 mM ammonium sulfate. The the gel was dried and autoradiographed with Kodak X-
Omat film with an intensifying screen.peak fractions (containing 75% of peak activity or higher)
were pooled and dialyzed against buffer C for 6 hr. This Templates for in vitro transcription. The p6.9 promoter
template was constructed from a 364-bp KpnI fragmentpooled enzyme was named VDH . The VDH enzyme was
dialyzed against buffer E (50 mM Tris, pH 8.0; 100 mM derived from the AcMNPV EcoRI-D fragment and cloned
into pKS0 (Stratagene). The polyhedrin promoter tem-ammonium sulfate; 1 mM EDTA; 5 mM DTT; 1 mM PMSF;
0.2% Triton X-100) containing 100 mM ammonium sulfate, plate was provided by Steven Harwood and had been
constructed for other investigations. It consisted of thelayered onto a 15–35% linear glycerol gradient in buffer
E, and centrifuged at 25,000 g (38,000 r.p.m.) in a SW40.1 EcoRV–EcoRI fragment from the pVL1392 baculovirus
transfer vector (Invitrogen) adjoined to the G-less cas-rotor for 18 hr at 47. Fractions were collected from the
bottom and assayed for nonspecific RNA polymerase sette in the pKS0 vector. The G-less cassette was kindly
provided by Robert Roeder (Sawadogo, 1985). The 39Kactivity. The peak fractions were pooled and dialyzed
against buffer C. This pooled enzyme was named VDHG , promoter template was provided by Charlotte Rasmus-
sen and was composed of a 289-bp BssHII–SacI frag-where the G stands for glycerol gradient. Protein concen-
trations were measured by the optical density method ment (from the AcMNPV PstK fragment) inserted into
pKS0. This region included both early and late 39K pro-(1.45 1 A280 0 0.74 1 A260).
moters.
SDS–Polyacrylamide gel electrophoresis Nonspecific transcription assay. Extracts were as-
(SDS–PAGE) sayed for nonspecific transcription activity by the method
of Grula and Weaver (1981) using calf thymus DNA asEqual volumes of glycerol gradient fractions were sub-
template and 1.5 mCi of [3H]UTP per assay.jected to SDS–PAGE using a 10% acrylamide running
gel and a 6% acrylamide stacking gel at 50 ma for 45
RESULTSmin. The slab gel was silver-stained with a Gelcode kit
(Pierce, Rockford, IL) according to the manufacturer’s in- DEAE–Sephadex chromatography of nuclear extracts
structions.
Nuclear extracts were subjected to DEAE–Sephadex
chromatography using increasing concentrations ofIn vitro transcription assay
(NH4)2SO4 , and the RNA polymerase activities of fractions
In vitro transcription reactions were carried out as de- were determined with a nonspecific assay. As observed
scribed previously (Glocker et al., 1992 and 1993), or with previously (Yang et al., 1991) three polymerase peaks
a few minor modifications to optimize conditions for the were identified in uninfected cells (Fig. 1a). In contrast,
polyhedrin template. In a final volume of 20 ml; 20 mM a virus-induced polymerase eluted before the three host
HEPES (pH 8.4); 2 mM MgCl2 ; 60 mM KCl; 10 mM cre- polymerases in infected cells (Fig. 1b). The ionic
atine phosphate; 600 mM each of ATP, CTP, and GTP; strengths at which the four enzymes eluted suggested
200 mM UTP; 65 units/ml RNasin (Promega); 140 mg/ml that a step elution with 100 mM ammonium sulfate would
DNA template; 17.5% ultra-pure glycerol; and 0.015 to 5 release the virus-induced polymerase and leave the host
mg/ml protein (fractionated or crude nuclear extracts) polymerases bound to the resin. Accordingly, DEAE–
were incubated for 30 min at 327. Reactions were Sephadex chromatography was performed with steps of
stopped by the addition of 100 ml of a stop mix consisting 50, 100, and 500 mM ammonium sulfate. Each fraction
of 6 mM EDTA, 60 mM NaOAC (pH 5.2), 0.3% SDS, and was then concentrated by binding to a heparin–agarose
0.7 mg/ml yeast tRNA. Reactions were extracted once column, washing with 50 mM ammonium sulfate, and
with TE-saturated phenol/chloroform/isoamyl alcohol then batch-eluting with 600 mM ammonium sulfate. Each
(25:24:1) and precipitated with ethanol. of the three concentrated DEAE–Sephadex fractions was
assayed by primer extension for accurate transcription
Primer extension analysis
from late (p6.9) (Fig. 2) and very late (polyhedrin) tem-
plates (not shown). High-level specific transcription initia-Primer extension analysis for the in vitro RNA products
was carried out as previously described (Glocker et al., tion was associated with the DEAE–Sephadex fraction
that eluted at 100 mM ammonium sulfate (lane 3). The1992, 1993). The end-labeled synthetic oligonucleotide
primers used for the analysis were the Promega pUC/ 50-mM flow-through fraction (lane 2) contained some ac-
tivity on the p6.9 template, perhaps caused by columnM13 22-mer reverse primer (5*-TCACACAGGAAACAG-
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on this theme). Heparin–agarose chromatography of
fraction VD (Fig. 3a) yielded VDH.2 by elution with 200 mM
ammonium sulfate and included fractions 2–6 from the
column (Fig. 3b). VDH was eluted with 600 mM ammonium
sulfate and included fractions 17–18 (Fig. 3b). The VDH.2
fraction contained a large amount of protein (Fig. 3b) and
no nonspecific polymerase activity (not shown), while
VDH contained relatively little protein and the bulk of the
polymerase activity.
These three heparin-agarose fractions were assayed
for accurate transcription of the p6.9 (late) template (Fig.
3c). The polymerase-containing fraction, VDH , was capa-
ble of accurate initiation on this template (lane 8),
whereas PDH had a very low level of activity (lane 6) and
VDH.2 had no activity (lane 7). VDH was also capable of
accurate initiation on the very late (polyhedrin) template
(see below).
In addition, the specific activity of the VDH enzyme,
along with 8- and 16-hr extracts, were tested on a tem-
plate containing the 39K gene, which has both early and
late promoters (Fig. 3d). Using early conditions (6 mM
MgCl2 and no a-amanitin), the 8-hr extracts gave a strong
FIG. 1. DEAE–Sephadex chromatography of RNA polymerases from early signal at the CAGT start site (lane 5), whereas the
infected and uninfected cells. Nuclear extracts were prepared and
16-hr extract (lane 6) gave a signal at both the earlychromatographed on DEAE–Sephadex as described under Materials
and the late promoter due to the presence of host RNAand Methods, from mock-infected cells (a) and from cells at 24 hr p.i.
(b). In (b), fractions (9 ml) were assayed in the presence (circles) and polymerase II and the baculovirus RNA polymerase. In
absence (squares) of 1 mg/ml of a-amanitin. Triangles denote ammo- contrast, the VDH enzyme (lane 7), which had been sepa-
nium sulfate concentration. Positions of virus-induced RNA polymerase rated from host polymerases (Fig. 3a), gave only the late
(V) and host RNA polymerases I, II, or III are indicated.
signal.
Glycerol gradient ultracentrifugationoverloading. However, very little activity was found in the
500 mM ammonium sulfate fraction (lane 4). Since the The active fraction (VDH) from heparin–agarose chro-
100 mM fraction contained the virus-induced polymerase matography was subjected to ultracentrifugation in a 15–
and the 500 mM fraction contained the host nuclear poly- 35% glycerol gradient, and fractions were analyzed for
merases, this experiment is consistent with the hypothe-
sis that the virus-induced polymerase is the one involved
in late and very late viral transcription.
Heparin–agarose chromatography
To further purify the activity associated with late tran-
scription, DEAE–Sephadex chromatography was re-run
with gradient elution to separate the polymerase activi-
ties more clearly (Fig. 3a). Since the virus-induced poly- FIG. 2. Transcriptional competence of nuclear extract fractions sepa-
merase eluted completely from DEAE–Sephadex be- rated by DEAE–Sephadex step-elution chromatography. Nuclear ex-
tracts were fractionated by DEAE–Sephadex chromatography, usingtween 60 and 100 mM ammonium sulfate, that fraction
step-elution with 50 mM (flow-through), 100 mM, and 500 mM ammo-(called VD , Fig. 3a), as well as the 0–60 mM fraction
nium sulfate. The ammonium sulfate concentrations of the 3 fractions(called PD , Fig. 3b), were subjected to further purification were adjusted to 50 mM ammonium sulfate by dilution. These fractions
by heparin-agarose chromatography. Three heparin – were each concentrated by binding to heparin–agarose and then elut-
agarose fractions were obtained: PDH , VDH.2 , and VDH . ing the column with 600 mM ammonium sulfate. Fractions were dia-
lyzed in buffer C. In vitro transcription assays were performed withPDH was obtained by loading the 0–60 mM eluate (PD)
the p6.9 template and analyzed by primer extension analysis. Correctfrom the DEAE–Sephadex column onto a heparin–agar-
initiation (asterisk) was determined by co-electrophoresis of a DNAose column and eluting it with 600 mM ammonium sul-
sequencing ladder of the p6.9 template produced using the same
fate (data not shown) (the acronym VDH stands for Virus- primer used for the primer extension reaction (lanes 1 and 5–8). The
induced polymerase, purified through DEAE–Sephadex ammonium sulfate concentrations (mM) used to elute each fraction
from the DEAE–Sephadex column are given at top.and heparin-agarose; the other acronyms are variations
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FIG. 3. Fractionation of nuclear extracts by DEAE–Sephadex gradient-elution chromatography, followed by heparin–agarose step-elution chroma-
tography. (a) DEAE–Sephadex chromatography. Nuclear extract was loaded onto a DEAE–Sephadex column and eluted with a 50–500 mM
ammonium sulfate gradient. Two fractions were collected: the material eluting between 0 and 60 mM ammonium sulfate (PD) and the material
eluting between 60 and 100 mM ammonium sulfate (VD). These were then subjected to further purification on heparin–agarose. The PD fraction
was concentrated by binding to heparin–agarose and then eluted with 600 mM ammonium sulfate to yield PDH . (b) Heparin–agarose chromatography.
The VD fraction from DEAE–Sephadex chromatography was diluted to 50 mM ammonium sulfate and loaded onto a heparin–agarose column. The
column was eluted in two steps, indicated by the upward arrows at bottom. The first step, using 200 mM ammonium sulfate, yielded a protein-rich
fraction (fractions 2–6) called VDH.2 . The second step, using 600 mM ammonium sulfate, yielded a polymerase-rich fraction (fractions 17–18) called
VDH . Fractions eluted by 600 mM ammonium sulfate were assayed for nonspecific RNA polymerase activity with a calf thymus DNA template. (c)
Primer extension analysis of p6.9 promoter in vitro transcription products. Fractions PDH , VDH.2 , and VDH (lanes 6–8), as well as crude nuclear extract
(NE, lane 5), were assayed for accurate transcription initiation from the p6.9 promoter using primer extension analysis as described under Materials
and Methods. The fractions used in the assays are indicated at top. The asterisk indicates the correct start site on the p6.9 sequencing ladder
(lanes 1–4). (d) Primer extension analysis of in vitro transcription products from the 39K promoter. The VDH fraction (lane 7) along with 8-hr (lane
5) and 16-hr (lane 6) nuclear extracts were assayed for accurate transcription initiation from the early (CAGT) and late (ATAAG) start sites using
early conditions (6 mM MgCl and no a-amanitin). The asterisks indicate the position of accurately initiated late transcripts on the 39K sequence
(lanes 1–4). The sequencing ladder was generated from the 39K template using the same primer as the primer extension reactions.
RNA polymerase activity (Fig. 4a). In addition, fractions template (Fig. 4c), the activity was present through the
heparin-agarose stage (VDH , lane 6), but became quite9, 10–11 (VDHG), and 12 were assayed for accurate tran-
scription from the late (p6.9) promoter using primer exten- weak after the glycerol gradient step (VDHG , lane 7).
sion analysis. The ability to initiate accurately on the
late gene (p6.9) template followed the non-specific RNA Characterization of the purified RNA polymerase-
polymerase activity (Fig. 4b). In contrast to the high fidel- containing fractions
ity of less-purified preparations, this polymerase prepara-
tion yielded a significant amount of non-specific tran- Table 1 shows the polymerase purification effected
by the three purification steps. It is difficult to comparescription of the late gene. Using the very late (polyhedrin)
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FIG. 4. Purification of RNA polymerase activity using glycerol gradient ultracentrifugation. (a) Profile of nonspecific RNA polymerase activity.
Fraction VDH from (b) was subjected to ultracentrifugation on a 15–35% glycerol gradient as described under Materials and Methods. Fractions (0.5
ml) were assayed for nonspecific RNA polymerase activity using a calf thymus DNA template. (b) Analysis of in vitro transcription products by
primer extension. Fractions 10 and 11 from (a) were pooled to constitute fraction VDHG (lane 6). This fraction, as well as fractions 9 and 12 from
panel (a) (lanes 7 and 8) and crude nuclear extract (lane 5) were assayed for accurate initiation of transcription in vitro using the p6.9 template
and primer extension analysis. Fractions assayed in each lane are indicated at top. The asterisk indicates the position of accurately initiated late
transcripts on the p6.9 sequence (lanes 1–4). The arrowheads indicate sequence positions of nonspecific start sites. (c) Primer extension analysis
of polyhedrin gene transcripts generated in vitro by 24 hr nuclear extract (lane 5), VDH (lane 6), and VDHG (lane 7). In vitro transcription was carried
out as described under Materials and Methods, using the fractions indicated at top. The asterisk indicates the position corresponding to accurate
initiation on the polyhedrin promoter sequence (lanes 1–4). The DNA sequencing ladder was generated using the same primer as used for the
primer extension reactions.
assays of polymerase activity from crude extracts or To identify the polypeptides present in the glycerol
gradient fractions that showed a-amanitin resistant RNAnuclei with those of more purified preparations, and
the proportion of virus-induced polymerase in crude polymerase activity, we have performed SDS–PAGE on
four fractions from a glycerol gradient similar to the onepreparations could only be estimated, so no activity or
yield data are given for the first two steps. However, presented in Fig. 4a, and silver-stained the separated
polypeptides (Fig. 5). We found that a number of polypep-it is probable that the large decrease in total protein
achieved by preparing nuclear extracts and then per- tides were associated with the peak RNA polymerase
activities. The most prominent polypeptides are indicatedforming DEAE – Sephadex chromatography results in a
corresponding degree of purification. Thus, the 433- with arrows and relative molecular masses (Mr) at right.
These polypeptides are candidates for subunits of thefold purification observed between the DEAE – Sepha-
dex step and the glycerol gradient centrifugation step virus-induced RNA polymerase and factors that allow it
to transcribe from late promoters and include polypep-is likely to be an underestimate of the real level of
purification. tides of 31, 34, 35, 37, 40, 85, 102, and 155 kDa.
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TABLE 1
Purification of Transcription Activity
Total RNA RNA polymerase
Volume Total protein polymerase activity specific activity Yield Fold
Material (ml) (mg) (cpm) (cpm/mg) (%) purification
AcMNPV-infected cells 9.4 1.81 1 106 — — — —
Nuclear extract 4.7 1.87 1 105 — — — —
VD 27.0 41,000 5.0 1 105 1.2 1 104 100 1
VDH 1.9 2,900 4.8 1 105 1.7 1 105 96 14
VDHG 1.1 80 4.3 1 105 5.2 1 106 85 433
DISCUSSION ase. As an example of a stable transcription complex,
Koleske and Young (1994) have demonstrated that yeast
Fuchs et al. (1983) demonstrated that late viral tran-
polymerase II and several transcription factors remain
scription was a-amanitin-resistant and that late-infected
associated through at least five purification steps. So
cells harbored a novel, a-amanitin-resistant species of
it is possible that the late viral transcription apparatus
RNA polymerase. Yang et al. (1991) confirmed the pres-
behaves in this manner, even though it may be relatively
ence of a novel polymerase, but found that it eluted from
complex.
DEAE–Sephadex at a lower ionic strength than Fuchs
At the third purification step (gradient centrifugation)
et al. had observed. We have now confirmed that the
specificity is considerably impaired. This suggests that
novel polymerase has the chromatographic properties
a factor(s) necessary for accurate transcription may be
reported by Yang et al. (1991).
lost at this stage, and this loss has a greater impact on
The presence of a novel a-amanitin-resistant polymer-
very late than on late transcription. The in vitro transcrip-
ase in infected cells suggested that this enzyme is
tion assay should allow us to identify these factors.
responsible for late viral transcription, which is also a-
SDS–PAGE analysis of the glycerol gradient-purified
amanitin-resistant. Here we provide even stronger evi-
dence: The ability to perform accurate initiation of tran-
scription from late and very late promoters co-purifies
with the novel polymerase through at least three purifica-
tion steps. Furthermore, none of the host nuclear poly-
merases, even at an early stage of purification, is capable
of accurate transcription of late viral genes. In addition,
the baculovirus polymerase does not transcribe from
early promoters. These data indicate that the novel chro-
matographic species of RNA polymerase is indeed the
enzyme responsible for late and very late viral transcrip-
tion.
Recent evidence has shown that late and very late
polymerase complexes differ chromatographically on
phosphocellulose and thus differ in composition (Xu et
al., 1995). It appears that the RNA polymerase complex
purified here is more similar to the 0.3-M KCl fraction of
Xu et al. (1995) than to their 0.5-M KCl fraction, since
both the 0.3-M KCl fraction and VDHG transcribe from late
FIG. 5. Size characterization of proteins associated with RNA poly-promoters to a greater degree than from very late pro-
merase activity. Nuclear extract was purified through DEAE–Sephadex,moters.
heparin–agarose, and glycerol gradient ultracentrifugation, as de-It is perhaps surprising that the late viral polymerase
scribed above for VDHG . Fractions were assayed for nonspecific poly-can be purified through several steps without losing the merase activity using a calf thymus DNA template in the presence of
ability to initiate viral transcription accurately. If many a-amanitin. Aliquots of the two fractions with peak activity (fractions
16 and 17), and two flanking fractions (fractions 15 and 18) were sub-transcription factors were required for accurate initiation,
jected to SDS–PAGE and silver-stained. The polymerase activities areone would expect at least some of them to be lost during
given at the top of each lane. The most intensely stained of the polypep-this purification. The fact that the polymerase and the
tides detected are indicated at right with arrows and Mrs in kDa. Thenecessary factors co-purify so readily suggests either nonspecific staining near the upper-middle of each lane was due to a
that there is a limited number of factors, or that the factors contaminant in the ultra-pure ammonium sulfate used in the purification
buffers.are bound together stably in a complex with the polymer-
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transactivation of baculovirus early genes by nuclear extracts fromtranscription apparatus (Fig. 5) showed relatively few
Autographa californica nuclear polyhedrosis virus-infected Spodopt-polypeptides, and these were found in very low amounts
era frugiperda cells. J. Virol. 66, 3476–3484.
in the two low-activity fractions flanking the two peak Grula, M. A., and Weaver, R. F. (1981). An improved method for isolation
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clear polyhedrosis virus. J. Gen. Virol. 71, 195–201.could also correspond to the 95-kDa polypeptide identi-
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pared by another method. In addition, several of these Lu, A., and Miller, L. K. (1994). Identification of three late expression
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californica nuclear polyhedrosis virus. J. Virol. 68, 6710–6718.plicated in late gene expression (Todd et al., 1995). These
Lu, A., and Miller, L. K. (1995). The roles of eighteen baculovirus late
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155-kDa bands, which are similar in size to lef-3 (44 kDa) 69, 975–982.
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Characterization of the DA26 gene in a hypervariable region of the
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